Implantação iônica por imersão em plasma; Propriedades tribológicas.
INTRoDuCTIoN
Lightweight materials capable to withstand high temperatures with friction and/or oxidation are a demand imposed by several transportation and power generation systems, as in high speed aircrafts and engines, respectively. In order to comply with such requirements, the improvement of surface properties of these materials is essential, as well as the understanding of the links among their composition, processing method, microstructure and properties (1) . In addition, high temperature resistant alloys must combine two major requirements when thermal cycles are applied: low scale growth rate and adequate scale adherence (2) .
Materials such as stainless steels, refractory metals and alloys, and superalloys are especially creep-resilient and commonly employed in high temperature service applications (3) .
Nevertheless, modern surface functionalization is often applied. Ion implantation and its variants are still rarely commercially used for metal alloys -while they are state-of-the-art and indispensable for semiconductor applications. Especially the poor tribological properties of titanium alloys had hampered the increase of their technological applications (4) (5) (6) , while PIII has been very effective in improving their tribological properties (7) (8) (9) , and consequently in increasing their lifetime.
Titanium alloys are classified according to the concentration of alloying elements added to modify their microstructure and mechanical properties. Titanium exists in two crystallographic forms. At room temperature, unbound titanium (commercially pure) has a compact hexagonal crystal structure and crystal structure called alpha phase (α). At 883 °C occurs the transition from compact hexagonal to body-centered cubic structure, known as beta phase (β). The microstructure of annealed unbound titanium is acicular alpha, the presence of this microstructure indicates that the material was heated to above beta temperature (10) . Commercial Ti-6Al-4V is best known for having compact hexagonal crystal structure (alpha phase) and body-centered cubic (beta) present in its microstructure at room temperature, combining strength and corrosion resistance and formability with machinability (11) .
The titanium alloys are very advantageous because have good mechanical tensile strength (900 to 1200 MPa), good corrosion resistance, good fatigue strength, low thermal conductivity, low density and high E/m ratio (modulus of elasticity/mass). Such alloys the design of lightweight and sturdy structures that are capable of working in a temperature range -150 to 600 °C. However, as already mentioned above, these alloys also have some disadvantages, as their poor tribological properties, with high coefficients of friction, high rates of wear and low lubrication during their movements and contacts with solid surfaces (12) .
PIII is especially promising because it allows the transference of laboratory processes to industrial applications. Threedimensional characteristic is one of the reason for such possibility, i.e. the entire surface of parts with complex shapes can be treated without changing their masses (13, 14) .
Independent temperature control is another advantage, since simultaneous heating of the substrate is crucial for the treatment of Ti alloys to promote diffusion of the implanted ions (15) . For instance, the Ti-6Al-4V alloy treated at 800-900 o C by PIII had implanted nitrogen depths above 1 µm (16, 17) , while only a few hundred nanometers is obtained using conventional PIII. The most significant improvements on the Ti-6Al-4V surface obtained by HTPIII led to an implanted layer with thicknesses up to 20 µm, in which the substrate was heated up to 800 o C with the help of electron bombardment (18) (19) (20) .
Concerning Ti-Si-B alloys, various properties and production pathways have been studied to increase the final working temperatures for titanium alloys (21) (22) (23) (24) (25) (26) (27) . The adopted compositions were used to produce alloys with intermetallic phases, since the research of such titanium alloys is rare and the study of the effect of these phases is important for the discovery of new advanced materials. Then, high boron and silicon contents were employed in the initial preparation of powders that were processed by high energy ball milling. Boron proved to be a promising material for increasing the oxidation resistance of the material. Formation of silica layer on material surfaces is well-known as a beneficial for increasing the oxidation resistance, mainly because the oxygen diffusion is smaller through such crystalline layer than in any glassy film. Boron-based film contributed to crystallization of the formed surface, and consequently have shown to be interesting for the reduction of the oxidation rates of silicon carbide based materials. While high hardness and wear resistance are commonly desired attributed, more complex considerations have to be taken into account for complicated environments: too brittle surfaces are supposedly to be avoided to prevent catastrophic failure with subsequently increased third-body abrasive wear while too ductile surfaces are prone to excessive, prolonged wear. An even more intricate problem is the long-term fatigue behavior under sustained loading conditions below the yield strength under single, instantaneous loading conditions. As conventional experimental testing and subsequent analysis designed for fatigue experiments of bulk materials are not applicable as (i) the maximum load should be within the modified surface layer and (ii) the typical lengthscale is less than 100 nm (28) (29) (30) (31) .
Thus, novel approaches and developments of alternative techniques have been used. Investigation of indentation fatigue behavior, for example, is crucial to build a relationship between nanoscale tests and conventional fatigue testing (30) (31) (32) (33) (34) .
In this work, nanoindentation tests were employed to study the mechanical fatigue properties of titanium alloys (sintered Ti-Si-B and commercial Ti-6Al-4V) surface modified by HTPIII. The results after the plasma treatment are correlated with reciprocating wear tests and elemental depth profiles obtained by secondary ion mass spectroscopy (SIMS).
eXPeRImeNTAL PRoCeDuReS
High-purity elemental powders -Ti (99.9 wt.%, spherical, < 150 mesh), Si (99.999 wt.%, irregular, <325 mesh) and B (99.5 wt.%, angular, < 325 mesh) -were used in this work to prepare four different powder mixtures: Ti-5.5Si-20.5B, Ti-7.5Si-22.5B, Ti-16Si-4B and Ti-18Si-6B (at.%). The milling process was carried out at room temperature in a Fritsch planetary ball mill under an argon atmosphere using rotary speed of 240-300 rpm, a ball-to-powder weight ratio of 10:1 and stainless steel vials (225 ml) and balls. The mechanically alloyed powders were uniaxially pressed for 2 minutes at 110 MPa and then isostatically pressed for 1 minute at 300 MPa, both operations being performed at room temperature. Subsequently, these green compacts were hot-pressed with 30 MPa and 1100 o C for 20 minutes into a graphite die under argon atmosphere. Some additional reference samples were produced without cold pressing. Before HTPIII treatment, the samples were grounded on SiC papers and polished with colloidal silica suspension. Additional Ti-6Al-4V sample discs of 15-mm diameter and 3-mm thickness were also grounded, polished and cleaned in ultrasound acetone bath. The experimental set-up for the nitrogen HTPIII, where the heating of the substrate is performed with the help of electron bombardment, has been previously described (35) . For the present experiments, each titanium alloy sample was connected to a tungsten wire that in turn was fixed on a stainless steel rod playing the role of the discharge anode. This assembly was positively polarized to + 700 VDC in relation to the grounded chamber wall and simultaneously by negative HV pulses of -7 kV (length of 30 µs and repetition rate of 400 Hz). This process was operated in vacuum environment in nitrogen atmosphere at a working pressure of 10 -3 Torr for 60 min. A thermionic oxide cathode generates primary electrons to ignite the glow discharge and to heat the substrate up to 800 o C. The implantation of nitrogen ions takes place when the high negative voltage pulses are applied.
The nitrogen depth profiles implanted into Ti alloys were measured using time-of-flight secondary ion mass spectrometry (ToF-SIMS). The thickness of the nitrogen containing regions was estimated from the sputtering time by measuring the depth of the craters and assuming a linear sputter rate within the craters. Tribological evaluations of the sample surfaces were conducted with a CSM tribometer with measurements of the dry friction coefficient accomplished in an oscillating ball-on-disk tribometer. The following parameters were used: load of 1 N with a 4.76-mm diameter alumina ball as a counterpart material, maximum speed of 10 cm/s and total track length of 2 mm. The afflicted surfaces after the wear test were examined using a scanning electron microscope employing the secondary electron detector mode to find out more information about the wear mechanisms. Roughness and surface profiles after wear test were measured with an optical profilometer.
Additionally, dynamic nanoindentation was employed for surface characterization with conventional nanohardness being measured using a quasi-continuous stiffness measurement (QCSM). In this configuration, the increase of the load is stopped for a period of time of 3s where the voltage for the piezoelectric element is overlaid with a sinusoidal oscillation. The employed indenter was a Berkovich three-sided pyramidal diamond. An average of 10 single measurements was used to determine the average hardness. Furthermore, the nanofatigue tests were conducted in the same nanoindentation equipment, however now with a spherical diamond indenter (tip radius of 10 µm). The samples were subjected to cyclic contact tests by repeatedly indenting the same area at maximum loads of 100-750 mN with minimum loads of 1.0-7.5 mN, respectively. Because of software limitations, only a maximum of 300 cycles are allowed without the indenter leaves the surface. Nevertheless, a larger number of cycles were performed at the same position by repeating this 300-cycle experiment several times. Using the same spherical indenter, nanowear experiments were performed with loads of 10, 50 and 100 mN to make tracks with 80-µm length.
ReSuLTS AND DISCuSSIoN
For the Ti-6Al-4V sample after HTPIII the SIMS experiments identify a nitrogen-rich layer with a thickness of about 1 µm (Fig. 1) . The untreated samples show a barely visible nitrogen signal below the surface oxide, indicating a large nitrogen uptake and retention during the HTPIII process. The absolute nitrogen content after ion implantation is estimated to be around 30 -50 at. % using results from comparable samples (36) . The immediate surface region with the enhanced nitrogen ion intensity could be an artifact due to matrix eff ect induced by a surface oxide. In addition to the nitride containing layer, a deep diff usion tail with nitrogen in solid solution can be observed. Th e diff usion rate is in agreement with published data. In contrast, much lower retained nitrogen was observed for the Ti-Si-B sintered alloys under identical implantation conditions. Both the diff erent compositions and duration of ball milling have infl uenced such implantation and the nitrogen plateau observed in the commercial alloy does not appear in the sintered alloys. Th e more intense milling conditions produce smaller grain size, which consequently generate predominant diff usion along grain boundaries and a strongly reduced uptake of nitrogen within the bulk by the grains. Furthermore, a competition between boron and nitrogen for bonding with titanium atoms may explain the lower nitrogen uptake for higher boron content. However, the resulting microstructure should be dissimilar to quaternary Ti-Si-B-N nanocomposites produced by PECVD techniques, where a crystalline phase is embedded in an amorphous matrix (37) . Nevertheless, the microstructure should be investigated in further experiments.
As a result of the nitrogen implantation, changes in the tribological properties should be expected. Wear in a reciprocating ball-on-disc geometry show an improvement for both classes of materials (Ti-6Al-4V and sintered Ti-Si-B), which is more pronounced for the Ti-6Al-4V alloy than for the Ti-Si-B sintered materials. Th e wear mechanisms of the untreated commercial alloy have been identifi ed as a mixture between abrasive and adhesive while in the HTPIII treated alloy, only abrasive wear is observed (Figs. 2a and 2b) . Recently published work indicates that a transition towards strain-induced brittle fracture is occurring, albeit at a lower, absolute level as the surface hardness is increased aft er nitriding (38) . For the Ti-16Si-4B sintered alloy, localized adhesive and abrasive wear can be viewed in SEM images aft er nitrogen implantation and wear testing (Fig. 2c) . Th e roughness (Ra) is always increased aft er nitrogen implantation: for the commercial Ti alloy from 40 nm to up to 220 nm, as verifi ed by optical profi lometry. Th e sintered Ti-16Si-4B alloys present higher roughness in untreated condition (around 110 nm) and the HTPIII further increases this value to around 160 nm.
Reducing the length scale of the experiments, nanowear experiments with a diamond tip also confi rm that the HTPIII treatment signifi cantly increased the wear resistance of the Ti-6Al-4V surface (Fig. 3) . For lower loads of 10 mN, the wear track cannot be identifi ed, respective visualized by SEM in the treated surface as the material removal is too small, whereas in the untreated sample a clear track is observed with this low load, even without clear removal of material. Similar, this lower load did not leave any impression detectable by SEM in the Ti-16Si-B alloy (either treated or not). Th us, a combination of resistance to plastic deformation (i.e. higher hardness) and resilience (increased wear resistance) can be inferred for both HTPIII treatments and Ti-Si-B alloys. Flaking and cracking typical for scratch test on coated surfaces are observed neither, indicating a very strong bonding of the nitrogen containing layer on the original material, as expected from the ion implantation and inward diff usion process.
Th e absence of plastic deformation during nanowear experiments is confi rmed by dynamic nanohardness test. Here, the nitrogen implantation increased the hardness of the Ti-6Al-4V alloy three times, which is evidence of the presence of a titanium nitride phase in this surface region. However, the Ti-Si-B alloys had almost no increase of such property, as the original hardness is already similar to the hardness of the nitrided Ti-6Al-4V alloy (Fig. 4) . Th is shows that in the Ti-Si-B alloys the treatment does not have the same eff ect because its phases of high hardness and oxidation resistance do not allow the absorption of the nitrogen so easily. Nanoindentation has been developed to enable mechanical measurements of thin fi lms even on complex surfaces. Th is technique examines the loads and displacements of a pressured tip against the surface of the materials of interest. By correlating experimental and computational results, nanoindentation becomes a fast and non-destructive procedure as long as the stress-strain response of a given thin fi lm is determined. In nanoindentation of solid materials, the formation of circular cracks is favored by positive radial stresses which are reduced by discharging. Th e radial stresses become more compressive in the discharge, however, they are initially higher than the circumferential stresses producing conditions for the nucleation and initial growth of circular cracks (39) . Regarding Nano fatigue experiments, at loads above 100 mN, the fi rst cycle of all indentations generates open load-depth curves with a signifi cant plastic contribution, but the second and subsequent cycles are closed, indicating pure elastic deformation, and almost identical. Such a behavior indicates work hardening created by the fi rst loading as reported in the literature (40) . A higher plastic contribution was observed on the fi rst cycles applied in the untreated samples. No cracks or deformation eff ects at the surrounding are observed in fatigue experiments with loads lower than 200 mN and 15,000 cycles in untreated Ti-6Al-4V surface. As shown in Fig. 5a , more cycles are necessary to allow the observation of spallation with such low load levels. However, the nitrogen containing, treated surface presents cracks already at loads of 300 mN and 300 cycles. Th e embrittlement of the surface region due to the nitrogen induced phase transformation could be the origin of this behavior (41) . For untreated and treated Ti-16Si-4B surfaces, radial cracks are observed in fatigue experiments with loads of 200mN and 3,000 cycles (Fig. 6) . Axial cracks can be also detected at regions where loads of 750 mN were applied in these samples. The depth differences of the first 300 cycles (Fig. 7) between untreated and treated Ti-Si-B alloys are much lower (around 5%) than the difference for the commercial titanium alloy (around 50% after nitrogen insertion). Of course, this behavior is directly correlated with the relative changes in hardness after nitrogen insertion. While a direct calculation of the stress distribution is possible for spherical indenters (42) , a clear definition of the onset of fatigue on a nanoscopic scale is much more difficult, if not impossible, whereas the macroscopic failure -in contrast -for conventional bulk material is much more easily to observe and analyze (43) . Here, the direct observation of the onset of fatigue would require detecting a crack within a volume or surface area close to zero or as small as the initial contact area as the stress distribution is highly inhomogeneous. Hence, the experimental resolution in SEM will always lead to an artificial over reporting of the fatigue limit in this kind of Nano fatigue experiments. Nevertheless, an improved fatigue response for sintered Ti-Si-B alloys after HTPIII seems to be possible when the presented exploratory work is expanded to include different temperatures and lower fluences. The concentration on easily measured hardness and wear data may not represent actual industrial use as the loading conditions will be very different. Nanofatigue can be one possibility for a more realistic -while also more complex -description of the surface properties. The implantation success of the Ti-6Al-4V alloy can be also observed in the depth data, when this untreated one present a large difference between initial plastic deformation and the subsequent elastic cycles (Fig. 7) . This feature is completely missing for treated samples that have a small difference between these deformation types, again indicative of the higher hardness, respective resistance to plastic deformation. Another clear difference between the commercial alloys and the Ti-Si-B alloys is the presence of a treated surface with low hardening rate, as evidenced by the reversal in the graph of the former alloy. These measurements need further studies to reduce the doubts from equipment errors and structural heterogeneity of these alloys. a b
